Layout of the NSLS-II facility showing a 200-MeV linac, a 3-GeV booster, the 3-GeV 792-m circumference storage ring, the experimental ‰oor, and theˆve lab-o‹ce buildings for the users.
Introduction
National Synchrotron Light Source (NSLS), a 2 nd generation synchrotron radiation facility at Brookhaven National Laboratory, has provided high ‰ux photon beams from IR to hard X-ray for several thousand users annually since 1982. It consists of two storage rings, an 800-MeV×1000-mA VUV ring and a 2.8-GeV×300-mA X-ray ring. However, NSLS has reached the theoretical limits of performance given its small circumference, small periodicity, and only a small number of insertion devices possible. It is imperative that a new storage ring with a combination of extremely high brightness, ‰ux and stability, such as NSLS-II, be built to serve the user community and enabling the exploration of the scientiˆc challenges faced in the developing new materials with advanced properties.
NSLS-II is a 3-GeV, 792 m circumference, 3 rd generation synchrotron radiation facility being constructed at Brookhaven. It is designed to deliver photon beams with º1 nm spatial resolution, 0.1 meV energy resolution and average spectral brightness in the 2 keV to 10 keV energy range exceeding 10 21 ph/mm 2 /mrad 2 /s/0.1z BW 1) . This cutting-edge performance requires the storage ring to support a very high-current electron beam of 500 mA with horizontal emittance down to 0.6 nmrad and vertical emittance less than 8 pm-rad. The electron beam has to be stable in its position (º10z of its size), angle (º10z of its divergence), dimensions (º10 z), and intensity (±0.5z variation). The latter requirement provides for constant thermal load on the beamline front ends.
A schematic layout of the NSLS-II accelerators is shown in Fig. 1 . Electrons generated in the 200-MeV linac are accelerated to 3 GeV in the compact booster. The accelerated electrons are periodically added to the electron beam circulating in the storage ring to keep the stored current nearly constant in time, a process know as top-oŠ injection. The 3-GeV storage ring has 30 doublebend-achromatic (DBA) cells. In each cell, there areˆve magnets and chamber girders, and one straight section with alternating length of 6.6 m and 9.3 m for insertion REGULAR ARTICLE NSLS-II storage ring showing two bending magnets/girders (blue), three multipole magnets/girders with ten quadrupoles (yellow), ten sextupoles (beige) and six correctors (red). The overall length of DBA cell is ¿20 m, excluding the straight sections. devices or radio frequency (RF) cavities or injection. A 3-D model of the DBA cell is shown in Fig. 2 . Most vacuum chambers are made from extruded aluminum with two diŠerent cross sections: oneˆtted in the dipole magnet, and the other surrounded by multipole magnets. The 3-GeV storage ring is designed to be a versatile light source of hard and soft X-ray from ¿10 eV to ¿20 keV with average spectral brightness and ‰ux 10,000 times higher than NSLS, signiˆcantly exceeding all synchrotron light sources currently operating or under construction. To achieve this level of unprecedented performance, extreme stability and alignment requirements are needed for all the lattice magnets and beam position monitors (BPM). The clusters of quadrupoles and sextupoles will be assembled on individual girders, and prealigned. The magnets will be opened for the installation of vacuum chambers. Their magnetic centers and transverse locations will then be aligned to within ±30 mm with respect to the girderˆducials using the vibrating wire technique 2) . The BPM buttons mounted at two locations on the beam chambers also have to be aligned to within ±30 mm. The pre-aligned girders will then be moved into the ring tunnel and installed. The required alignment tolerances between girders are º100 mm. The stability of the magnet positions of º±0.2 mm over a few hour is preserved by controlling the tunnel temperature stability to within ±0.1°C. To achieve similar vertical stability for BPMs, each long vacuum chamber will be supported at three locations with invar stands which have very low thermal expansion coe‹cient, oneˆxed support in the middle and two ‰exible supports at BPM locations.
Among the 30 straight sections, three 9.3 m long straight sections will be used for injection and for RF systems; therefore 27 straight sections will be available for insertion devices. Three types of insertion devices will be available for experimenters on day one; damping wigglers providing highest ‰ux broadband radiation from 5 keV to 30 keV, elliptically polarized undulators providing circular and linear polarized soft X-ray radiation, and mini-gap in-vacuum undulators providing high brightness hard X-ray from 2 keV to 20 keV. In combination with bend magnet radiation, three-pole wigglers will be inserted at upstream end of 2 nd bending magnets to provide 30 more bend-magnet like hard X-ray radiation up to 25 keV. Therefore a minimum of 57 beam lines of intense X-ray radiation will be available for users. A list of basic parameters for the storage ring is given in Table 1 .
Storage Ring Vacuum Systems
The NSLS-II storage ring vacuum system provides adequate and low impedance aperture for the circulating electron beam, low pressure for long beam lifetime and low bremsstrahlung radiation. The average pressure with beam is to be less than 1×10 -7 Pa with main residue gas being hydrogen. At this pressure level, the beam lifetime due to inelastic Coulomb scattering is longer than 40 hours. The stored beam lifetime for 500 mA operation will be limited to 2-3 hours by the Touschek lifetime due to the scattering loss of electrons in the bunches. However, localized pressure bumps will produce bremsstrahlung radiation and damage the downstream beam line components, and have to be suppressed.
The design of the vacuum systems use proven, reliable and cost-eŠective technology already employed at other 3 rd generation synchrotron radiation vacuum systems. There are 30 DBA cells in the storage ring. Each vacuum cell consists ofˆve extruded aluminum chambers-two bending magnet (dipole) chambers and three straight chambers for multipole magnets. The dipole chambers are approximately three meters long, and the straight chambers 3 to 4 m long. There are RF-shielded bellows and two short stainless chambers connecting the aluminum chambers together to form the completed cell. Allmetal, RF-shielded gate valves are employed to isolate each of the 30 cells and the straight sections between cells. 
Vacuum Chamber Design and Fabrication
There are multiple choices in the chamber design and material selection suitable for 3 rd generation light source storage ring, mostly depending on machine parameters, experience and cost. Stainless steel has been used for several new European light sources, while aluminum has been the favorites among US and Asian light sources. Aluminum has been chosen as the cell chamber material for NSLS-II based on our experience, its vacuum and mechanical properties, ease of machining, and reasonable fabrication cost. No conductive coatings or strips are needed on aluminum to reduce the chamber wall impedance, whereas stainless chambers may need copper strips and additional absorbers in certain locations for mis-steered beam. One major diŠerence between NSLS-II and other new synchrotron radiation facilities of comparable energy is the low bendingˆeld of 0.4 Tesla and large bending magnet radius. The photon fan from each bending magnet will have a small dispersion and relatively low power of 2.4 kW at the full built-up current of 500 mA, which can be comfortably intercepted by discrete absorbers. This feature facilitates a narrow chamber geometry design, and thus the cell chambers can be fabricated from extruded aluminum with uniform crosssections. The need to provide linear pumping in the form of non-evaporable getter (NEG) strips also favors extruded aluminum, since an antechamber can be produced by extrusion to accommodate the NEG strips and their supports.
The vacuum chamber design has been presented elsewhere, and will be brie‰y described here 3) . The 3D models of the dipole and multipole chambers are shown in Fig. 3 . The cross sections for the dipole and multipole chamber extrusions, as shown in Fig. 4 , are similar to those of the 7-GeV Advanced Photon Source (APS) 4) . The horizontal widths of the dipole and multipole extrusions are 320 mm and 280 mm, respectively. The electron beam channel has an elliptical cross section of 25 mm (V) ×76 mm (H) to allow ample aperture for the electron beam. The antechambers are sized to provide space for mounting two NEG strips top and bottom, and clearance for photon fans. The photon exit slots connecting the beam channel and antechamber are sized as large as possible to provide adequate aperture for photon fans and su‹cient conductance for vacuum pumping. However, the outside vertical height of this slot is restrained by magnet pole gaps and the inside gap is determined by the required wall thickness with minimum stress and de‰ec-tion under atmospheric pressure load when the chamber is under vacuum. The horizontal dimensions of the multipole chamber at antechamber side are also conˆned by the multipole magnet openings.
After extrusion, the dipole chambers are curved with rollers to the required 25 m bending radius, then the top and bottom walls of the beam channel are machined ‰at to a vertical height of 31 mm toˆt into the 35 mm dipole magnet gap. The minimum thickness at the top/bottom wall of dipole beam channel is ¿3 mm. The multipole extrusion is machined at quadrupole and sextupole pole locations to allow the use of magnets with smaller pole radii, while still maintain a nominal clearance of 2 mm between chamber wall and magnet poles for fabrication tolerance and alignment of chambers and beam position monitors (BPM). The wall thickness at the sextupole pole locations is at a minimum of 3.1 mm. Finite element analysis of multipole chamber at sextupole location gives a maximum stress less than 64 MPa, a safety factor of À2 toward the yield strength of 145 MPa for extruded aluminum A6063. The maximum de‰ection at the photon exit slots at sextupole is º0.3 mm×2 which is acceptable.
The extrusion ends are precision-machined to allow smooth welding to the end plates and the bi-metal Con‰at ‰anges using the robotic welding machine at APS vacuum facility, which was established for the produc- Fig. 5 The welding of the end plates and ‰anges to the machined extrusions, showing (from left to right) the machined extrusion end, the reverse side and ‰ange side of the end plate, with Con‰at ‰anges welded, the side port for absorbers and pumping port. Fig. 6 The fabrication of an NSLS-II multipole chamber showing the machined extrusion, the end plate and bi-metal ‰anges, the welding process and the completed chamber. tion of APS type vacuum chambers. Ports for absorbers, pumps, vacuum instruments and beam position monitors (BPM) are also precision-machined and welded. The sequence and pictures of welding and assembly of the end plates and ‰anges, and a completed multipole chamber are shown in Figs. 5 and 6. All the components are chemically cleaned at APS immediately before welding. Bi-metal explosively bonded aluminum-to-stainless Con‰at ‰anges are used throughout, except at the BPM ports, where Helico‰ex Delta seals are employed to seal the BPM feedthru ‰anges onto the polished aluminum chamber surface.
Photon Absorbers and Pressure Proˆles
After welding, the chambers are assembled with photon absorbers, BPM, NEG strips, sputter ion pumps, titanium sublimation pumps and vacuum gauges. Each DBA cell has a total of eight water-cooled photon absorbers, made of dispersion strengthened copper known as GlidCop 5) , to intercept the un-used bending magnet photons, and to protect the un-cooled ‰anges and bellows. These absorbers are inserted from the side port through antechamber and photon exit slot into electron beam channel. Two types of bending magnet absorbers are shown in Fig. 7 . The crotch absorbers are located at end of bending magnet chambers with center opening to allow usable photon fans from bending magnet and insertion devices to travel down the photon exit port to front end and beam line. The stick absorbers are located at straight chambers to trim the bending magnet fan and protect downstream un-cooled ‰anges, bellows and gate valves. Detailed ray tracing was carried out to determine the most eŠective locations of the absorbers without impinging into dynamic aperture of the electron beam. Most absorbers are located 25 mm from the nominal center of the electron beam channel; however, a few absorbers have to be at 22 mm and 27 mm to be eŠective. Due to a relatively low radiation power of 2.4 kW from each bending magnet, the photons are intercepted at normal incidence. The crotch absorbers will intercept ¿1.4-kWheat, while the stick absorbers intercept less than 700 W each. Maximum power density and temperature at the tip of the absorbers are calculated, usingˆnite element analysis, to be º12 W/mm 2 and º200°C, respectively, well within the maximum allowable temperature of 400°C
for GlidCop. The completed cell chambers with absorbers, BPM and pumps are assembled into the cell magnets/girder for precision alignment. Each chamber will be baked to ¿120°C to ensure the vacuum integrity prior to installation in the tunnel. The bakeout of the cell chambers will be accomplished by thin kapton insulated foil heaters installed at the space between magnets. Additional heating jackets, heating tapes, and thermal insulation are needed for large appendage components, such as gate valves, and ion pumps to ensure a uniform temperature distribution, especially at large ‰ange joints where uneven temperatures may cause the seals to fail and vacuum leaks. After installation, the entire vacuum cells will again be in-situ baked, using external heaters, to ¿120°C to remove adsorbents, such as water, and contaminants from the inner surface.
The thermal outgassing of unbaked aluminum is higher than that of stainless steel, but an in-situ baked aluminum surface has outgassing rate Ã1×10 -9 Pa･ m/sec, similar or lower than that of stainless steel, resulted in a linear thermal gas load of ¿1×10 -9 Pa･m 3 /sec/m. The thermal outgassing load is small comparing with the gas load generated by photon stimulated desorption (PSD). Most direct photons are intercepted by GlidCop absorbers, which are conditioned quickly and reach low PSD rate with modest beam dosage. A typical PSD rate of 1×10 -5 molecules/photon is attainable after 100 A･hr accumulated beam dosage for copper and GlidCop surfaces 6, 7) , resulted in a PSD gas load of ¿7×10 -7 Pa･m 3 /sec per bending magnet, two orders of magnitude higher than that of thermal outgassing. Scattered and re‰ected photons (¿15z of direct photons) will hit nearby aluminum surface, which is slowly conditioned due to the low photon ‰ux over a larger area. The other signiˆcant sources of gas load are the radiation fans from insertion devices. Most undulators have narrow radiation fans º±1 mrad, and will safely pass through the photon exit slot, the antechamber and the exit port into the front end, thus producing little gas load to the electron beam channel. The damping wigglers (DW) will have relatively wide radiation fans of ±2.6 mrad. Furthermore, the two 3.5 m long DW units in one long straight section will be canted at ±1.8 mrad angles to provide fans for two beam lines, resulted in a width of ±4.4 mrad. This wide fan has to be trimmed by DW absorber located at photon exit port before travelling down the front end. The resulted gas load by trimming 20z (equivalent to ¿15 kW heat at 500 mA beam current) DW fan is estimated to be ¿4×10 -6 Pa･m 3 /sec, one decade higher than that from each bending magnet radiation.
Sputter ion pump and titanium sublimation pump are mounted at the pumping port directly underneath each absorber to remove the desorbed gas, thus minimizing the amount of gas diŠused into the electron beam channel. They provide over 200 liter/sec pumping speed at the port entrance. The 25 mm×76 mm electron beam channel has a linear conductance of ¿8 liter/sec/m, therefore needs to be eŠectively pumped using distributed NEG strips in the antechamber through the photon exit slots, with a conductance of 135 and 45 liter/sec/m for dipole and multipole chambers, respectively. The two NEG strips have a combined pumping speed of 240 liter/sec/m for active gas. The pressure proˆles inside the electron beam channel over 52 m (two DBA cells) were calculated using MOLFLOW code 8) and plotted in Fig. 8 . The average pressures are less than 3×10 -8 Pa even with DW. The pressures at most absorbers are less than 1×10 -7 Pa, except at DW absorber, where over 15 kW power is absorbed, resulted a localized pressure bump of ¿1×10 -6 Pa. This high pressure will generate excessive beam-gas bremsstrahlung radiation and requires extra shielding to protect downstream front end and beam line equipment. This localized pressure zone represents the worst case scenario since the initial beam current will be relatively low, and the DW absorber should condition rapidly with high photon ‰ux, resulted in a PSD yield much lower that 1×10
-5 molecules/photon.
Summary
NSLS-II will be a truly sub-nanometer synchrotron radiation facility capable of studying the property of materials down to atomic scale. The construction of NSLS-II is to start in 2009, and the machine should be ready for users in 2014. The design of NSLS-II storage ring vacuum systems uses proven, reliable and cost-eŠec-tive technology already employed at other 3 rd generation synchrotron radiation vacuum systems. Most cell vacuum chambers are fabricated from extruded aluminum. The detail design of the chambers is complete. Test extrusion of both dipole and multipole chamber cross sections has been successfully accomplished. The machining and welding of a prototype chamber are also completed. The development of versatile supports for NEG strips, the in-situ baking, and the precision alignment of chambers and beam position monitors is underway. The vacuum system overall is ready for the start of construction in early 2009.
